A fast and robust calculation method for turbulent shock boundary-layer interaction is presented which enables the design engineer in quickly estimating the boundary-layer behaviour of a transonic compressor profile section. The separated flow in the vicinity of a shock is described in terms of the boundary-layer properties ahead of the shock and the shock strength itself. The method is incorporated in an integral boundary-layer procedure and coupled with the Eulerequations by the equivalent source concept. Calculations for the flow in transonic and supersonic compressor cascades demonstrate the ability of the present method and show good agreement with boundarylayer properties and Mach number distributions obtained from measurements.
NOMENCLATURE

INTRODUCTION
The development of jet engines shows an increase in stage loading to achieve high thrust-weight ratios. As a consequence of this fact we find in the first compressor stages between hub and tip relative inlet Mach numbers Ma1 = 0.8 to 1.5 which lead to a complicated three-dimensional shock system. Fig. 1 shows a typical flow situation for the mid-section of a compressor rotor. In front of the leading edges bow shocks occur with one leg running inside the blade channel. For design conditions and moderate Mach numbers below Ma1 = 1.4 this passage shock lies approximately normal to the suction surface and its interaction with the boundary-layer can be treated as a normal shock/ boundary-layer interaction. From cascade tests it may be deduced that if the pre-shock Mach number exeeds a limiting upper value of approximately Ma o = 1.3 the boundary-layer fails to overcome the steep adverse pressure gradient at the shock and separation is likely to occur, see Starken (1988) . Analytical solutions for the interaction of a normal shock with a turbulent boundary-layer of Bohning and Figure 1 : Shock waves at the mid-section of a transonic compressor rotor Zierep (1978) show that besides Reynolds number and Mach number the surface curvature may be an important parameter. A convex curvature supports the so-called "aft-shock expansion" and delays a possible separation.
For high values of curvature and Reynolds number unseparated boundary-layers are even possible for pre-shock Mach numbers exceeding Ma o = 1.4. In contrast to the work of Bohning and Zierep (1978) a negligibel influence of the wall curvature on the separation limit is predicted by the analytical model of Inger (1981) .
If separation occurs the elliptic nature of the flow prevents the application of the classical direct boundary-layer approach and a correct prediction of the flow field requires a solution of the complete NavierStokes equations. Because the design of a transonic compressor blade is an iterative process in which many calculations have to be performed, such a treatment exceeds the acceptable limit in computation time by far. There is a need for a fast and robust calculation method which enables the engineer to estimate the aerodynamic behaviour of a transonic blade section and to avoid the high losses of a fully separated flow. One possibility is the use of inverse boundary-layer techniques, see Dargel and Thiede (1987) . Here the so-called "Goldstein-singularity" at the separation point is removed by prescribing the boundary-layer displacement thickness and calculating the velocity distribution. Because the solution is obtained by iteratively modifying the displacement thickness, this techniques still have relative long computation times. A rapid estimation of the boundary-layer behaviour in the vicinity of a shock is obtained by global methods, for a survey see Delery (1985) . The principle is to solve for a control volume at the shock position the mass and momentum equations under certain assumptions. A disadvantage of the approach is, that no details concerning the local boundary-layer behaviour are obtained.
In this paper a revised version of a semi-empirical shock/ boundary-layer interaction method originally given by Broichhausen (1981) is presented. The influence of a shock on a turbulent boundary-layer is split into two parts. The global part contains the inviscid convective changes of the incoming boundary-layer at the shock. The local frictional changes of the boundary-layer integral values are obtained from semi-empirical formula in a second part. The results show whether separation occurs or not and allow an estimation of the magnitude of the separated flow area.
Although the present method was developed for a quick estimate by a single calculation step, it is demonstrated in the following that it can be coupled to an Euler-solution to give an approximate viscous-inviscid method for transonic compressor cascades. The avarage calculation time is shown together with that of the finite difference boundary-layer procedure ALFA of Rodi and Scheurer (1982) and an improved version of the Navier-Stokes code TRAGIT, Rodi and Srinivas (1989) 
SEMI-EMPIRICAL SHOCK/ BOUNDARY-LAYER INTERACTION MODEL
To improve the correlation given by Broichhausen (1981) for the behaviour of a turbulent boundary-layer at a normal shock, 29 tests of 10 authors have been analysed'. The experiments used are: Ackeret et al. (1946) , Alber et al. (1973) , Cook (1979) , Delery (1977) Kooi (1975) and (1978) , Leblanc and Goethals (1974) , Sawyer (1982) , Sedon (1967) , Stanewsky et al. (1979) , Stanewsky (1973) and Schreiber and Starken (1991) . The results show for pre-shock Mach numbers Ma o = 1.2 to 1.75 that the influence of a shock on a boundary-layer mainly depends on the 4 parameters Reynolds number Re, displacement thickness S *o; shape parameter H o and Mach number Ma o in front of the shock and a characteristic length, the so-called diffusion length ld.
Diffusion length correlation
At a shock the momentum force from the singular jump in normal velocity is balanced by a force from the sudden rise in static pressure. If now a shock impinges on a boundary-layer, shock strength and velocity decay with decreasing wall distance until the sonic point is reached. A subsonic corridor forms in which the static pressure is imposed by the undisturbed outer flow. An upstream influence of the pressure rise caused by the shock occurs, which leads to an increase of the boundary-layer in front of the main shock location and a A-type shock structure, see fig. 3 . The distance between the point where the upstream influence begins and the location of the main shock (as obtained from Schlieren pictures) will be defined as diffusion length ld, see fig. 3 . The diffusion length amounts roughly 5 or 10 times the boundary-layer thickness in turbulent or laminar flow, respectively. Delery (1977) 
In the following the diffussion length is used to form a non-dimensional surface coordinate S =(s-s o )/ld, see fig. 3 .
Shape Parameter And Momentum Loss Correlation
The changes of the boundary-layer integral values across a normal shock are split up in a Mach number dependent and a shock induced part. The influences of surface curvature and pressure gradient downstream of the shock are neglected. Most of the experiments used for the correlations were conducted in channel flows. In contrary to the flow on a profile section no wake induced shock oszillations from finite trailing edges are possible and the Mach numbers in some distance downstream the shock are nearly constant.
Shape Parameter . The Mach number dependency of the shape parameter H was calculated under the asumption of a 1/7 power law for the velocity profiles and is approximated by, see Broichhausen (1981) 
HM(s) = 1.279 + 0.0175 Ma(s) + 0.4375 Ma(s) 2 . (2) With the assumption that the boundary-layer velocity profils in some distance downstream of the shock obey a 1/7 power law, eq. (2) may be used to calculate the Mach number dependent change, i.e. the changes from compressibility, of the shape parameter between a point where the shock/boundary-layer interaction begins and a point where it ends.
To describe the shock induced changes of the shape parameter H first the maximum values of H of several measurements were devided by HM from eq. (2) to approximately eliminate the influence of compressibility. The remaining values HS,max = Hmax(s)/HM(s) are given in fig. 5 and may be approximated as a function of the pre-shock Mach number by:
with Al = tanh(12(Ma o -1.4)).
In a similar way the shock induced part of the measured shape parameter curves are now expressed in terms of HS,max and the non-dimensional coordinate S:
with A2 = -0.36(S-2.14)(HS,max-1) 0.5
As shown in fig. 5 the shape parameter in the interaction region is now given by:
Eq. (4) presupposes reattachment, but fully separated and a Mach number Mad immediately behind a normal shock
From From a momentum balance we finally find under the assumption of a deminishing shear force integral the total nviscid convective change of the momentum thickness at the shock from:
To obtain a transition function for the momentum thickness in the interaction region, again measured values were reduced by the Mach number dependent part given in eq. (6) and then compared with the theore- 
Eq. (8) now contains the convective changes of the momentum thickness across a shock and the deviations from the flat plate flow as assumed for eq. (6). Finally we have for the momentum thickness:
CALCULATION METHODS
Boundary-Layer Calculation
The method described above was incorporated in a direct integral boundary-layer calculation procedure in the formulation of Walz, see Otte and Thiede (1973) . The equations for momentum and kinetic energy are solved simultaniously by a Runge-Kutta technique. The flow is regarded as two-dimensional and no 3D effects are taken into account. Rotta (1969) with the skin friction coefficient formula of Felsch et al. (1968) and the drag coefficient due to Nash (1965) are used. Transition is determined due to Granville (1953) , besides in front of a shock where transition is enforced to avoid laminar shock/ boundary-layer interaction. The semi-empirical shock/boundary-layer interaction model is applied for pre-shock Mach numbers above Ma o = 1.2. A shock is identified from a critical deceleration gradient in the Mach number distribution and the location of the shock is taken at a point of inflection. For oblique shocks the present interaction model is no longer valid. The influence of a small obliqueness however may be regarded by using only the normal component of the Mach number, which is determined from a comparison of the actual shock strength with the theoretical value for a normal shock. The Euler-equations in unsteady formulation are solved by an explicit finite volume method as described by Happel et al. (1986) . The method solves the conservation laws for mass, momentum and energy on an axisymmetric stream-surface with varying radius and The boundary-layer and the Euler-equation methods as given above are coupled by the equivalent source concept to give a viscous-inviscid interaction scheme. From a formal integration normal to the surface for the Navier-Stokes and the Euler-equation respectively a defect between the viscous and the inviscid flow is deduced by Whitfield and Thomas (1984) . With the assumption that outside the boundary-layer area the coupled Euler-solution should be equal to the Navier-Stokes result, non-zero velocities at the surface may be obtained as new boundary condition for the Euler-solution. Hereby normal pressure gradients in the boundary-layer may be taken into account, see Johnston and Sockol (1979) . Now the velocities at the edge of the boundary-layer correspond to the velocities calculated at the wall. The complete boundary conditions to simulate the boundary-layer influence in the Euler-equations are derived by Whitfield and Thomas (1984) : (16) dx For the evaluation of eq. (14) a constant enthalpy Ht = Ht ,w = const. is assumed. Unfortunately eq. (16) contains a numerical differentiation for u 2 and the boundary-layer integral values, which may lead to instabilities in the interactive solution process. Because weak energy losses are already apparent from numerical dissipation effects, we discard the momentum thickness and the wall shear in eq. (16) and take the velocity u and the density p from a previous iteration step. By this way only the changes in the boundarylayer integral quantities for mass and momentum are taken into account.
Calculation Procedure
A standard H-grid was used throughout. The calculations start in a coarse grid (19x73 grid-points) with 450 Euler-iterations and interactive boundary-layer calculations (if desired) begin in the fine grid (37x145 grid-points) after 50 Euler-steps when a smooth approximate inviscid solution is attained. The boundary-layer calculations are now repeated each 50 time steps providing new boundary conditions at the profile as given by eq. (14). Underrelaxation by 25% is applied to the source flows to compensate the decrease in shock strength and boundary-layer thickness from the interaction and to ensure a smooth convergence behaviour. The original source flows as calculated from eq. (15) by central differences are used and no smoothing is applied besides for the Mach number distribution close to the trailing edge (optional). To ensure convergence a compensation of the additional mass flow from the boundary-layer coupling is performed by modifying the stream-tube thickness at the outflow boundary of the computational domain and keeping the back pressure constant. Nearly converged solutions were found already after 700 iterations but 1400 iterations were necessary to remove the aft-expansion at the downstream shock position. Smooth convergence behaviour is found close to the design point and is only disturbed locally in rare cases where changes in the Mach number distribution caused a sudden shift of the transition point.
• The flow in a symmetrical nozzle section was investigated by Delery (1977) . A comparison of the experimental results with a single boundary-layer calculation is made in fig. 8 . The compressor cascade V2 consists of double circular arc profiles and is typical for the hub section of a fan rotor blade. The boundary-layer on the suction surface of this cascade was experimentally investigated and the cascade was chosen as a test case by the AGARD-working group WG 18, Hoheisel and Seyb (1987) .
Axial velocity density ratio AVDR . The axial velocity density ratio contains the influence of 3D-effects like secondary flows or side wall contraction on the 2D-flow field and is taken into account by a variation in stream-tube thickness. Even when the exact amount of AVDR is known (i.e. from cascade tests), there is considerable uncertainty concerning the shape of the transition function. In fig. 9 three different transition functions are shown, which all have the same amount of AVDR. The corresponding Euler-solutions in fig. 9 are quite different and show the sensitivity of the results to the unknown AVDR-function. Following the work of Stark and Hoheisel (1981) the transition function of a plain cascade may be regarded as mainly dependent on the aspect ratio, i.e. as a typical characteristic of the test facility. A comparison between theoretical results for different transition functions with several measured Mach number distibutions has been made. The AVDR transition function which gave close agreement with the measurements was found to be inside the cascade nearly identical to the theoretical curve of Stark and Hoheisel (1981) , see dotted line in fig. 9 . By this way for each cascade facility a certain AVDR transition function may be chosen and kept constant for all further calculations.
Mach number distribution . The isentropic Mach numbers at choked conditions are given in fig. 10 . A shock is clearly visibel for an inviscid Euler-solution, but is smeared out under the influence of the boundary-layer. For the representations the shock position is defined as the location where the deceleration gradient in supersonic flow falls below a critical value and drawn as dotted area, see shock position in fig. 10 , above.
In good agreement with the measurements a supercritical patch arises on the suction side and the shock strength is reduced considerably. Near the trailing edge the rapidly growing boundary-layer on the suction surface leads to an increase of the Mach numbers and a reduction of the pressure gradient at the cascade exit compared to the inviscid Euler-solution. The good agreement between theoretical and experimental Mach number distributions demonstrates the ability of the present method, but depends also on the correct choice of the transition function.
Boundary-layer results . Because of the relative low Mach numbers on the suction side only a small turbulent separation bubble is predicted in good accordance with the measurements, see fig. 11 . Reattachment is found theoretically near s/s o = 0.5 and is confirmed by a test point at s/s o = 0.8. Further downstream again separation occurs. Here the boundary-layer calculation proceeds by semi-empirical formula assuming a constant shape parameter H i * = (0 /0)i.
From a single boundary-layer calculation following the Euler-solution an enlarged separation bubble is predicted, but the momentum thickness is nearly that of the interactive solution because the influences of increasing pre-shock Mach number and decreasing boundary-layer values in front of the shock cancel each other. Downstream of the shock position the momentum thickness is underestimated by the calculation. If we assume that the present method approximates the measured integral values with an accuracy of 20%, we may look for further influences. Besides a different flow situation with laminar type shock boundary-layer interaction and instantaneous shock oszillations a weak suction peak at the leading edge, which leads to an early transition and a thicker boundary-layer in front of the shock, may have occured in the measurements. If however the momentum thickness in front of the shock is increased artificially by a factor of 2.5 and an additional boundary-layer calculation is performed, the shape parameter H indicates separation prior to the experiment while good agreement is obtained for the momentum thickness downstream of the shock, see dotted lines in fig 11. This demonstrates the sensitivity of the present interaction method to the boundary-layer properties in front of the shock, which especially may be important in the design of pre-compression type compressor blade sections, where the supersonic diffusion in front of the shock leads to an early increase in boundary-layer displacement thickness.
Schlieren flow visualization and image processing. A Schlieren flow visualization , was performed using a Schlieren filter with 3 colours in the direction normal to and varying brightness parallel to the average main flow direction, for details to this technique see Kiock (1974) .
Euler/ boundary-layer interaction 
Ma l
Because of the weak pock strength the original representation was split in its red, green and blue parts by means of image processing. The colours were analysed with respect to their intensities. An artificial increase of the bright portions of the colour from the center of the Schlieren filter (density increase in main flow direction) leads to a representation which shows the shock position more clearly, fig. 12 .
Iso-Mach-surfaces and Schlieren flow visualization
The Iso-Mach-surfaces in fig. 12 are obtained from the Euler/boundary-layer interaction and show a supersonic patch on the suction surface followed by a clearly defined passage shock, see shock position, in fig. 10 , above. In contrast to the calculation the Schlieren flow visualization in fig. 12 reveals that at choked conditions the separating suction side boundary-layer leads to instantaneous shock oszillations (bright areas in fig. 12 ). In the Schlieren representation the shock location moves over nearly 10% chord length and unexpected high density gradients are indicated near the supercritical patch which is known to be very sensitive to changes in inlet flow quantities. Euler/ boundary-layer interaction, flow parameters see fig. 13 -present method --Calvert, 1983 The compressor cascade ARL-SL19 is comparable with the tip-section of a fan blade and has an inlet Mach number near Mal = 1.6. While at lower inlet Mach numbers the question is whether the boundary-layer downstream the shock remains attached, for high inlet Mach numbers Mal = 1.6 the question is how the separating boundary-layer will affect the aerodynamic behaviour of the cascade.
Schlieren flow visualization
Mach number distribution . A comparison of calculated
Mach number distributions with measurements of in fig. 15 shows that the influence of the boundary-layer on the shock position is in principle predicted correctly by the present semi-empirical model. Deviations occur at the trailing edge where on the suction surface an expansion is predicted in contrast to the experiment. If however back pressure and AVDR-contraction ratio were reduced a similar expansion occured in the measurements, see Tweedt et al. (1988) .
Shock position and Schlieren flow visualization. Although the shock/ boundary-layer interaction on the suction surface is that of an oblique shock and not of the normal type, the present method may be applied by using only the normal component of the pre-shock Mach number.
The displacement of the profile surface streamlines in fig. 16 shows the effective blade shape formed by the metal blade and the boundary-layer displacement thickness. Downstream the shock positions turbulent separation bubbles occur but reattachement takes only place on the pressure surface where the expansion at the trailing edge leads to a decreasing boundary-layer displacement thickness. On the suction surface no shock reflection is visible in fig. 16 because the local critical decelaration gradient was beyond the critical value used for shock identification. Only a slight kink in the streamlines reminds us that the compression waves from the shock have not been cancelled totally by the expansion waves of the convex blade surface, see broken line, fig. 16 . 
CONCLUSIONS
A semi-empirical method for the prediction of turbulent shock/ boundary-layer interaction was improved. The boundary-layer behaviour in the vicinity of a shock is described in terms of a global inviscid influence obtained from a momentum integral and a viscous influence expressed by correlation formula. The semiempirical shock/ boundary-layer model takes into account the boundary-layer properties ahead of the shock and the shock strength itself and is restricted to flows with moderate deceleration gradients downstream of the shock location.
The method was incorporated in an integral boundary-layer procedure and coupled with an Euler-method to calculate viscous transonic flow. Although developed for a single boundary-layer calculation following an inviscid Euler-solution, the semi-empirical shock/ boundary-layer interaction scheme was successfully used in interactive viscid-inviscid calculations too. A comparison with experiments was made for three transonic compressor cascades, which are comparable to blade sections at the hub, the tip and the mid position of a fan blade. The results obtained indicate that the present method is a valuable tool for quickly estimating the aerodynamic behaviour of a transonic compressor profile section during the design process.
Calculations with different axial-velocity-densityratio (AVDR) transition functions show that the precise modelling of three-dimensional effects by a variation in streamtube thickness is essential for a correct prediction of the transonic flow in a compressor blade section. The calculated Mach numbers appeared to be consistent with cascade measurements for linear AVDR transition functions similar to those proposed by Stark and Hoheisel. 
